) per plot in the fall of 1994, before any tillage was performed, and in the spring of the following 3 years shortly after planting. Cysts were extracted from soil samples by elutriation and counted, and eggs were extracted from cysts and enumerated. Spatial patterns of H. glycines populations were characterized by geostatistical analysis and variance-tomean (VM) ratios. Semivariance values were calculated for cyst and egg densities and semivariograms were constructed. In general, there was greater spatial dependence among cyst populations than egg populations. In one field with a strongly aggregated initial H. glycines population, tillage practices resulted in changes in spatial patterns of H. glycines populations, characterized by spherical-model semivariogram parameters (sill, nugget effect, and range of spatial dependence). These parameters indicated increasing aggregation over time in no tillage and ridge tillage treatments, but decreasing aggregation in reduced and conventional tillage treatments. There was an increase of 350% in sill values (maximum semivariance) for cyst populations after 3 years of no tillage, but in the conventional tillage treatment, sill values remained unchanged or decreased over time as tillage was implemented. Semivariograms for cyst and egg population densities revealed strong anisotropy (directional spatial dependence) along soybean rows, coincident with the direction of tillage practices. VM ratios for cyst counts increased each year in the no tillage and ridge tillage treatments, but decreased for 2 years in reduced tillage and conventional tillage treatments. Final VM ratios for cyst and egg counts were highest in the no tillage treatment. In a second field, with low initial aggregation of H. glycines populations, there was little measurable change in semivariogram parameters after 3 years of no tillage, but in the conventional tillage treatment, populations became less aggregated, as the range, sill, and the proportion of the sill explained by spatial dependence decreased for cyst population densities. Our results indicated that in soybean fields with initially aggregated populations of H. glycines, no tillage and ridge tillage systems promoted aggregation of the nematode population, whereas conventional and reduced tillage systems resulted in a less aggregated spatial pattern.
Additional keywords: Glycine max, soybean cyst nematode.
Heterodera glycines Ichinohe, the soybean cyst nematode, is the most damaging pathogen of soybeans (Glycine max L., Merr.) not only in the United States but also in most other areas of the world where this nematode is found and soybeans are cropped (8, 32) . Plant-parasitic nematodes have a limited ability to move on their own power (33) , therefore movement of infested soil plays an important role in the dissemination of the nematode within and between fields. Cysts of H. glycines have been recovered from soil peds contained in seed stocks (11) , from the digestive tract and excrement of birds (12) , and from soil on farm machinery, land grading equipment, vehicles, tools, and shoes (9) .
Tillage, the mechanical manipulation of the soil for cropping purposes, is another activity that has a major impact in soil movement. Extensive research has been conducted on the impact of tillage on H. glycines population densities, indicating that H. glycines population densities generally are lower in no tillage systems compared with conventional tillage (10, 18, 21, 23, 38, 39, 42) .
The spatial pattern of nematodes often is described as aggregated, but there are few reports quantifying or describing the aggregation (13, 17, 41) . Francl (13) , using two-term local variance analysis, reported cyst cluster sizes of H. glycines of 1 to 3 m and found that cultivation reduced aggregation of cyst populations.
Alston and Schmitt (1), studying spatial patterns of H. glycines in relation to soybean phenology, found greater population densities closer to the plant rows than between rows. However, these studies did not investigate the effects of different tillage practices on H. glycines spatial patterns on a multi-year basis. Understanding the interseasonal dynamics of spatial patterns is important for predicting the effects of crop production practices on H. glycines and for the formulation of management strategies (3) .
Geostatistical analysis is one method by which spatial patterns can be characterized and compared by quantitative parameters. Geostatistics have gained increased attention from plant pathologists as a means to characterize spatial patterns of several plant diseases and pathogens, including cyst nematodes (6, 7, 22, 24, 25, 28, 35, 40, 41, 43, 44) . Geostatistics encompass a set of statistical methods for characterizing spatial patterns (34, 37) and can be used to detect changes in spatial pattern over time (25) . The objective of this research was to evaluate the effects of different tillage practices on the spatial patterns of H. glycines using geostatistical analysis. Preliminary results of this research have been reported (14) (15) (16) . Four tillage treatments were implemented beginning in the spring of 1995 in continuous soybean monoculture. Conventional tillage consisted of fall chisel plowing (0.20 m deep) followed by spring disking (0.10 m deep) and field cultivation (0.05 m deep) prior to planting. Reduced tillage consisted of spring disking followed by field cultivation before planting. In ridge tillage plots, there was no soil disturbance except for ridge formation. Ridge tillage is a crop residue management system for corn and soybean, consisting of ridges built during cultivation or in the fall. Planting is done on the ridge top, in the same row, every year. Ridges were built in the spring of 1995 and 1996, prior to planting, and were 0.10 m high. The fourth treatment was no tillage. Each tillage operation consisted of only one pass over the plots following the plant row orientation. In each location, a single plot received each treatment. In 1995, plots receiving conventional tillage were chisel plowed in the spring and then disked. Pre-emergence application of a mixture of dicamba (0.58 liter ha -1 ) and 2,4-D-amine (4.7 liter ha -1 ) controlled weeds. All plots were treated with herbicides and, except for no tillage, all plots were cultivated one time for supplemental weed control 30 days after planting. Plots under no tillage were weeded manually.
MATERIALS AND METHODS

Experiments
In 1996, approximately 6 weeks after planting, plants in the Bruner Farm developed a foliar interveinal yellowing that was identified as symptoms of iron deficiency chlorosis. To minimize this problem, chelated iron (Sequestrene 138, Becker Underwood, Ames, IA) was applied to foliage as a liquid suspension at 0.7 kg ha -1 on 6 July. Soil samples were collected systematically on a grid (2.3 × 2.3 m) within each plot (7 by 14 gridlines, 98 samples per plot). Each sample consisted of three 2.5-cm-diameter, 20-cm-deep soil cores, collected from the intersections of the gridlines, then combined and mixed to form a single sample. Flags were posted at each sampling point to facilitate accurate location of the grid for repeated sampling. Samples were collected in the fall of 1994 and in the spring of 1995, 1996, and 1997 within 1 week after planting. Results obtained from the first sampling date represent the initial spatial pattern for all treatments, whereas results from the spring of 1995 and subsequent years are a result of changes in the spatial pattern due to tillage and the persistence of cysts and eggs over the winter. Soil was stored at 4°C until cysts and eggs were enumerated. Cysts were recovered from a 100-cm 3 aliquant of soil by elutriation (2) . Each 100-cm 3 aliquant of soil was soaked for 30 min in a solution (15.75 g/liter) of Electrasol automatic dishwasher detergent (Benckiser Consumer Products Inc., Dunbury, CT) to promote dispersion of soil particles and release H. glycines cysts. Sediments were removed from the elutriated samples using a modification of a sucrose flotation method described by Jenkins (20) . Because results of preliminary experiments indicated that a higher sucrose concentration increased cyst recovery efficiency, we used a sucrose concentration of 1.37 kg liter -1 of water instead of 0.45 kg liter -1 as originally described. Floating cysts were recovered after centrifugation. Cysts were counted, and eggs were extracted from cysts with a motorized pestle, stained with acid fuchsin (29) , and counted. Eggs were enumerated with a nematode counting slide (Olympic Equine, Issaqua, WA) and a dissecting microscope at ×24 magnification. The numbers of cysts and eggs per 100 cm 3 of soil were calculated for each sample. For 1994, samples taken from the Bruner Farm were not processed through sucrose centrifugation and, therefore, only egg data are available for that date. Soil samples from the ridge tillage treatment collected in 1994 in Kanawha were processed by a sucrose solution of 0.45 kg liter -1 , and a second set of samples from the same treatment were processed without the sucrose centrifugation step.
Soybeans were harvested mechanically in the fall with a plot combine. Each entire main plot was harvested in subplots consisting of two soybean rows 6.1 m long (40 subplots per plot). Seed moisture was determined with a grain moisture tester (Dole 400; Eaton Corp., Carol Stream, IL). The seed weight was adjusted to 13% moisture. Linear correlation coefficients were calculated for the associations between soybean yield and mean H. glycines egg density for the soil sampling points within the subplot area.
Geostatistical analysis (GS + version 2.3b; Gamma Design Software, Plainwell, MI) was used to quantify the effects of tillage on the spatial patterns of H. glycines. General geostatistical methods and terminology are described by Isaaks and Srivastava (19) and Liebhold et al. (26) . Semivariance values (one-half the mean squared difference in H. glycines population density between spatially separated samples) were calculated for lag distances (distance between samples) of 2.3 to 22.0 m for both cyst densities and egg densities. The relationship between semivariance and distance between samples was plotted (as semivariograms). The presence of anisotropy (directional effect on semivariance) was assessed by examining semivariograms for 0, 45, 90, and 135°, where 90° is the direction along the soybean rows and 0° is the direction perpendicular with the soybean rows. Linear and nonlinear models were fitted to the semivariance values by weighted least squares regression to estimate semivariogram parameters: the nugget effect, sill, and range. The nugget effect is an apparent discontinuity in the semivariogram near the origin (35) . The nugget effect is due to microscale variation or measurement error and is not related to spatial dependence. In general, as the distance between sample points increases, semivariance tends toward a maximum value (the sill). The distance between samples at which semivariance reaches the sill is called the range. The range represents the maximum distance over which there is spatial dependence of H. glycines densities. Population densities in samples separated by a distance greater than the range are not correlated. The best-fit model (spherical model) then was used to estimate population densities through kriging, a method of interpolation. Kriged estimates of cyst and egg population densities were generated for a grid of 0.3 × 0.3 m, and maps of these population densities were generated with the kriged estimates.
The variance-to-mean (VM) ratio was calculated for cyst and egg populations in each plot in each year for Kanawha Farm as an alternative method to assess aggregation (4,30) of H. glycines populations. For Bruner Farm, VM ratios were calculated only for cyst populations.
RESULTS
Spatial analysis, Kanawha Farm experiment. Semivariograms were described equally well by the spherical and Gaussian models, but results are presented only for the spherical models. Semivariogram parameters for cyst and egg population densities, estimated by the spherical model, are presented in Table 1 . Initially, all plots at the Kanawha Farm experiment had aggregated H. glycines populations (Figs. 1 to 4) with semivariance values increasing as the distance between pairs of samples increased. In most cases, the predicted range of spatial dependence was beyond the dimensions of the plots.
H. glycines cyst populations became more spatially dependent over time in plots under the no tillage and ridge tillage systems than in the conventional and reduced tillage systems. Increases in sill values and an increase in the proportion of the sill explained by spatial dependence [(sill -nugget)/sill] indicated increases in spatial dependence over time. After 3 years of no tillage, there was an increase of 350% in the sill value, but over the same period of time, nugget variance values fluctuated and ultimately decreased by more than 60% (Table 1 ). The range of spatial dependence remained >22 m throughout the study. A similar trend was detected in the ridge tillage treatment, with the proportion of the sill explained by spatial dependence increasing from 0.44 to 1.00. In contrast, in the conventional tillage treatment, after soil was disturbed by tillage in the spring of 1995, the range of spatial dependence was reduced to zero across plant rows (Table 1) . Isotropic semivariograms (Fig. 1) of the conventional tillage treatment also showed a decreasing sill during the first 2 years of tillage, although the sill increased again in 1997. A decreasing range was evident for the conventional tillage treatment as well (Fig. 1) , with the range decreasing to near 22 m for 1995 to 1997. In the reduced tillage treatment, the sill also decreased in 1995 and 1996, but in 1997 returned to a value similar to 1994. There were no major changes in range for the reduced tillage treatment over the period of this study.
Anisotropy in spatial patterns of cysts was detected in several of the treatments during the course of the study (Fig. 2) . In general, spatial dependence was more pronounced along the direction of the rows (the direction of tillage operations, 90° orientation in figures) than across the rows (0° orientation), and anisotropy was more evident after tillage had been performed for one or more years (e.g., ridge tillage and conventional tillage treatments). Spatial dependence along the 45 and 135° orientations did not follow a consistent pattern in relation to tillage treatment or time.
H. glycines egg populations also became more uniformly distributed after 3 years of conventional and reduced tillage. Conventional tillage resulted in 85% reduction in sill and nugget variance values, whereas the range of spatial dependence disappeared along the soybean rows (Table 1; Fig. 3 ). In the reduced tillage treatment, nugget and sill values also decreased by more than 80% over time, but the range of spatial dependence never decreased to <22 m. Spatial dependence initially decreased in the no tillage and ridge tillage treatments, but then increased, indicated by changes in the sill and proportion (sill -nugget)/sill (Table 1; Fig. 3) .
Anisotropy in spatial patterns of egg populations was detected in at least 1 year in all treatments (Table 1; Fig. 4 ). Similar to cyst populations, egg populations generally demonstrated greater spatial dependence along soybean rows than across rows. Semivariograms generally indicated higher ranges and sills for the 45° orientation than the 135° orientation (Fig. 4) .
Kriged maps of cyst and egg population densities (Figs. 5 and 6) demonstrated that initially there was a greater population of H. glycines in the west portion of most plots than the east. However, populations became less concentrated in this area as conventional tillage was implemented. Conversely, a more pronounced area of higher H. glycines population densities developed over the 3 years of the experiment on the west side of the plots under no tillage and ridge tillage.
The VM ratio for the number of cysts and eggs was greater than 1.0 in all plots at all sampling times (Table 1) , indicating aggregation of the H. glycines population (4). Cyst VM ratios increased from 1994 to 1996 in the no tillage and ridge tillage treatments, whereas they decreased in the reduced and conventional tillage
ratios fluctuated annually in the no tillage and ridge tillage treatments, but generally decreased in the reduced and conventional tillage treatments. Final VM ratios for eggs were more than twice as high in the no tillage and ridge tillage treatments as they were in the reduced and conventional tillage treatments.
Spatial analysis, Bruner Farm experiment. The initial spatial pattern of cyst populations for the Bruner Farm is not presented because cysts were not enumerated from the samples collected in the fall of 1994. Cyst populations measured after 1994 at the Bruner Farm experiment were aggregated (Table 2 ; Fig. 7 ), but spatial dependence was not as strong as it was in the plots located at the Kanawha Farm. Sill values generally were less than half those in the Kanawha experiment, and the proportion of the sill explained by spatial dependence ranged from 0.27 to 0.69 compared with 0.44 to 1.00 at Kanawha.
In the no tillage treatment, the semivariance values calculated for 1997 could not be described adequately by any model. Consequently, semivariance results are presented only for 1995 and 1996 data. No major changes in the semivariogram parameters occurred in 2 years in the no tillage treatment. In the conventional tillage treatment, spatial dependence decreased over time. The range of spatial dependence decreased from >22 to 13.2 m, and the proportion of the sill explained by spatial dependence decreased from 0.69 to 0.27. In the reduced tillage treatment, nugget variance and sill increased, but the proportion of the sill explained by spatial dependence did not change. In the ridge tillage treatment, the proportion of the sill explained by spatial dependence did not change over time, but the sill and range increased, suggesting a more aggregated population. Kriged maps of spatial patterns of cysts of H. glycines at Bruner Farm (data not shown) showed a trend similar to that demonstrated at the Kanawha Farm for the ridge tillage plot (the area with greater cyst population densities increased over time), but there was not a clear trend in the other tillage treatment plots. Kriging could not be performed on semivariance values for the 1997 no tillage plot, because a model could not be fit to those data.
For H. glycines egg populations at Bruner Farm, semivariograms calculated for the conventional tillage treatment were linear with a slope near zero, indicating H. glycines egg populations in the plot were not spatially dependent at the 2.3-m sampling interval (data not shown). The absence of spatial dependence for some sampling times and the inconsistency of the semivariogram parameters made it impossible to compare changes in spatial patterns of egg populations.
VM ratios for cysts were >1.0 for all plots and sampling times. VM ratios were smaller than those at Kanawha Farm, and they increased slightly over time in all four treatments.
H. glycines population dynamics. Cyst population densities fluctuated annually in all plots at the Kanawha Farm (Table 3) , and trends differed among treatments. In the conventional tillage plot, population density decreased from 1994 to 1995 and stabilized. Initial egg population densities were similar, but final population densities were greater in the no tillage and ridge tillage treatments than in conventional and reduced tillage treatments. There was a general decrease in egg population densities from the fall of 1994 to the spring of 1995; egg population densities then increased in the no tillage and ridge tillage plots and, after 1995, stabilized in the conventional and reduced tillage plots. After 4 years of no tillage, population densities increased in the west portion of the plot and decreased in the east, whereas there was no clear trend in the other tillage treatments.
At the Bruner Farm, cyst population densities generally increased over time, ranging from 137 to 253 cysts per 100 cm 3 in 1995 and from 265 to 570 cysts per 100 cm 3 in 1997. Cyst population densities increased in all plots from the spring of 1995 to the spring of 1996 (Table 3) , but there were no trends, in terms of specific areas of the plots, where reproduction was promoted or suppressed. There was a consistent increase in egg population densities from 1994 to 1995. After 1995, egg population densities fluctuated between 3,036 to 5,841 eggs per 100 cm 3 without a consistent trend. Similarly, changes in egg population densities were neither consistent nor restricted to specific areas of the field.
Soybean yield. Soybean yields ranged from 2.2 to 2.3 t/ha at Kanawha in 1994 and decreased over time in all plots, with yields ranging from 1.5 to 2.0 t/ha in 1998. At the Bruner Farm, yields ranged from 1.6 to 2.0 t/ha and did not change over time. Linear correlation coefficients between nematode population densities and soybean yields were significant and negative (Table 4) . Consistently lower linear correlation coefficients were obtained for the conventional tillage treatment compared with the no tillage treatment. At the Kanawha Farm, plants in the west portion of the plots, an area coinciding with high H. glycines population densities, consistently exhibited symptoms of early maturity by the end of August and beginning of September. Yield was reduced in this portion of the field. There was no clear association between soybean yield and nematode population densities in the Bruner Farm experiment (Table 4) .
DISCUSSION
Geostatistical analysis was used to quantify the effects of tillage on the spatial patterns of H. glycines. To our knowledge, this is the first report where geostatistics were used to elucidate the multiyear dynamics of spatial patterns of a soilborne pathogen in plots under different tillage systems. In a field with a well-established and strongly aggregated H. glycines population (Kanawha Farm), no tillage and ridge tillage practices promoted aggregation of the nematode population, whereas conventional and reduced tillage disrupted aggregation, resulting in more uniformly distributed populations (reduced semivariance and sill values). These effects are evident from the geostatistical results (Table 1 ; Figs. 1 and 3) , the VM ratios (Table 1) , and the population density maps (Figs. 5  and 6 ). Considering that H. glycines is a sedentary endoparasite, it is reasonable to speculate that secondary infections are more likely to occur in roots and plants adjacent to the primary infection site. Then, in the absence of soil disturbance (no tillage treatment), aggregation of nematodes would tend to increase from season to season as nematodes reproduce. A similar effect would be expected in the ridge tillage treatment, which involved raising the seedbed level above the surrounding soil and maintaining plant rows in the same location year after year. Our results also indicated that in a field with less aggregated populations (Bruner Farm), tillage practices had a similar but smaller effect on the spatial pattern of H. glycines.
Anisotropy or directional variability in the conventional tillage and ridge tillage treatments at Kanawha was likely a result of the tillage operations. Conventional tillage tended to eliminate spatial dependence across rows (perpendicular to the direction of tillage operations). Similarly, in the ridge tillage treatment, greater spatial dependence along rows was likely a result of ridge-building operations. Anisotropy, with regard to the 45 and 135° orientations, is more difficult to explain in relation to tillage. In fact, these patterns may not have been related to tillage and did not change progressively over time, as would be expected if tillage operations were driving their development.
At the Bruner Farm, nugget effect was high compared with sill and increased over time in the conventional tillage treatment. The different effects of conventional tillage in the two experimental sites can be explained by the fact that cyst populations at the Bruner Farm were initially not as strongly aggregated as those at the Kanawha Farm. Spatial dependence on a scale smaller than 2.3 m could have contributed to high nugget effects at the Bruner Farm.
At the Kanawha Farm, from 1994 to 1996, sill values estimated from the cyst population were reduced as nematode spatial patterns were disrupted by conventional tillage. In 1997, there was an increase in sill values for most treatments, which we cannot explain. At the Bruner Farm experiment, sill values fluctuated without a clear trend after tillage was implemented. We believe that the less aggregated spatial pattern in the Bruner conventional tillage plot (compared with the pattern at the Kanawha Farm) played a role in the variability of sill values. Although a decrease in the sill was not detected, the proportion of the sill explained by spatial dependence decreased markedly in the conventional tillage plot from 1995 to 1997, representing a reduction in spatial dependence. Decreases in semivariance due to tillage were more evident in the conventional tillage treatment at the Kanawha Farm than at the Bruner Farm when the spherical model was fitted to semivariance values from egg data. The decrease in semivariance most likely was caused by a redistribution of the H. glycines population, resulting in a more uniform distribution of cysts and, consequently, eggs. Some researchers have reported decreases in spatial variability of soilborne pathogens due to soil tillage. Francl (13) , investigating the spatial patterns of H. glycines in field plots, observed reduction in variance after the plot was disked and bedded. Olanya and Campbell (31) , studying the effects of tillage on the spatial patterns of microsclerotia of Macrophomina phaseolina, found that variance, VM ratio, and Morisita's index decreased as tillage was implemented. Similarly, spatial patterns of Sclerotinia minor sclerotia became more uniform, as measured by Lloyd's index of patchiness, after the soil was deep plowed (36) .
In most plots, there was a strong spatial dependence of the nematode population, indicated by the high proportion of the sill explained by spatially structured variance (sometimes equal to 1.0). In the ridge tillage treatment in 1994, this proportion was very low (0.44). This may have been caused, in part, by poor efficiency of cyst extraction; soil samples from this plot in 1994 were processed with a lower sucrose concentration (20) than the other treatments/sampling times. Another possibility is the presence of spatial dependence at a distance smaller than the 2.3-m grid size used in our experiments. We found that the proportion of the sill explained by spatially structured variance was greater for cyst than for egg population densities, and this may be a result of
The range of spatial dependence, estimated by the spherical model, initially was greater than the plot dimensions, indicating that the spatial structure of the H. glycines population was beyond the plot limits. There was a definite reduction of range for cyst population densities in the conventional tillage plots at both experimental sites, indicating a reduction in aggregation of the nematode populations. Previous research of spatial patterns of other cyst nematodes have detected ranges of 60 and 29 m for H. avenae, 107 m for Globodera rostochiensis (41), and 40 m for H. trifolii (40) . Ranges calculated in this study were based on a scale similar to the above-mentioned studies. A larger plot size in our study would have enabled us to identify the range values more clearly. Our plot size and sampling intensity were designed to capture spatial variability on a smaller scale, as reported by Francl (13), who indicated cluster sizes of approximately 3 m for H. glycines. Because this (13) was the only previous study reporting the scale of spatial dependence for H. glycines, it was appropriate to design our study accordingly. With a larger plot size, we would not have been able to sample intensively enough to capture smallscale spatial dependence. Furthermore, the range parameter is not species-specific, and it probably will differ among fields according to physical and biological soil characteristics, crop history, and cultural practices.
Analysis of cyst data, in addition to egg data, helped clarify the dynamics of spatial patterns of H. glycines because the results of analyses of egg data were not conclusive in some cases. At Bruner Farm, spatial dependence was evident from analysis of cyst data, but not egg data. Forces determining H. glycines spatial pattern typically are exerted on cysts rather than individual eggs. The variable number of eggs per cyst adds a nonspatial source of variance that may mask spatially structured variance if only egg data are used. This effect was noticeable in both geostatistical analysis and VM ratios. In general, our results suggest that spatial pattern analyses for cyst nematodes are more informative when cyst counts are used instead of egg counts.
Trends in VM ratios generally supported the conclusions drawn from geostatistical analyses. Ratios >1.0 indicate a departure from the expected VM ratio for a Poisson distribution, the expected e A o = range of spatial dependence, the distance at which the sill is reached or the lag distance at which the semivariance approaches a constant value and the distance at which samples are no longer spatially related. f R 2 = coefficient of determination for spherical model. g Semivariance values could not be described by any model. distribution for a variable with a random spatial pattern (30) . Increases in VM ratio indicate a greater degree of aggregation, whereas decreases indicate a lesser degree (45) . VM ratios indicated aggregation for all plots and sampling times and an increase in the degree of aggregation of cysts each year in the no tillage and reduced tillage treatments at Kanawha. Conversely, VM ratios indicated decreases in the degree of aggregation in the reduced and conventional tillage treatments for 2 years (Table 1) . VM ratios indicated an increase in aggregation in all plots in 1997. Higher VM ratios for egg counts compared with those for cyst counts were likely a reflection of the variable number of eggs per cyst, with some cysts containing no eggs and others with several hundred eggs. This nonspatial variability probably contributed to the annual fluctuation of VM ratios, and may detract from the value of egg counts for interpretation of VM ratios. Researchers have used VM ratios and other dispersion indices, such as Lloyd's index of patchiness (27) , to identify changes in spatial pattern of soilborne pathogens (5, 31, 36, 44) . Limitations of VM ratios and other dispersion indices include undesirable effects of sample size and mean (4) and a lack of consideration of the spatial position of samples. Consequently, indices of dispersion do not reflect the spatial structure of soilborne plant pathogen populations (30).
The trend toward higher H. glycines populations in the no tillage treatment at Kanawha Farm is in contrast to several other studies (10, 21, 38, 39, 42) , in which H. glycines populations were lower under no tillage systems. Our results may not be directly comparable to these other studies due to differences in methodology. In addition, we do not have statistical evidence to determine whether the populations in our study were significantly different among treatments.
In fields managed with crop rotation, the effects of tillage on the spatial patterns of H. glycines probably would take longer to develop than in the present study, considering that soybeans were grown every year in our experiments. Although we had continuous soybean monoculture in our plots, tillage was performed similar to a conventional corn-soybean rotation. Our yields decreased over time, probably a result of the soybean monoculture, which promotes the development of fungal pathogens of soybean.
Adding the sucrose centrifugation step to the H. glycines cyst extraction procedures may improve spatial analysis in fields with a low aggregation of the population. For the Bruner Farm, semivariograms calculated from egg data obtained without centrifugation usually revealed low spatial dependence or even a pure nugget effect. In contrast, results of geostatistical analyses from egg data obtained through centrifugation of elutriated samples revealed the presence of spatial dependence that was not detected when samples were processed without the centrifugation. Samples processed through sucrose centrifugation were free of soil particles and eggs were well stained and easily visualized. Preliminary data showed slightly greater egg recovery values for centrifuged samples than samples that were ground after elutriation. We believe that adding the sucrose centrifugation to the extraction procedures for recovery of cysts also reduces error in egg enumeration.
The high population densities of H. glycines detected in the west portion of the plots at Kanawha were near the field entrance, indicating the possibility that the nematode might initially have been introduced in that area. Strong aggregation generally was associated with strong correlations between nematode population densities (measured as cysts or eggs) and soybean yields. The reduction in spatial dependence in the conventional-tilled plots was accompanied by a reduction in the linear correlation coefficients between nematode population densities and soybean yield. In addition, at the Bruner Farm where nematode aggregation was weak (and the mean H. glycines population densities were lower), there was a weak relationship between nematode population densities and soybean yield regardless of tillage treatment. In the aggregated populations at Kanawha, some sampling units had very high nematode densities and, therefore, yield was greatly suppressed in these sampling units relative to the others. With the more uniform populations at Bruner or in the conventional tillage treatment at Kanawha, individual sampling units did not tend to have populations much higher than the mean; therefore, the yield variability among sampling units was lower. This mechanism could explain the stronger correlation between H. glycines population and yield in the plots with greater aggregation of the nematode population. Research is needed to elucidate the relationship between spatial patterns of H. glycines and yield losses in soybeans.
